Intraplaque haemorrhage is considered a major contributor to lesion progression. We assessed coronary lesions with intraplaque haemorrhage using intravascular ultrasound (IVUS) and near-infrared spectroscopy (NIRS). 
Introduction
It has become important to identify patients who have atherosclerotic plaques that are prone to cause a clinical event. Previous histopathological studies have demonstrated that a thin fibrous cap, large necrotic core (NC) or large lipid pool, and intraplaque haemorrhage are associated with plaque instability; [1] [2] [3] [4] however, features of intraplaque haemorrhage by intracoronary imaging have not been studied. The aim of this histopathological validation study was to define the features of intraplaque haemorrhage as seen using grayscale intravascular ultrasound (IVUS) and near-infrared spectroscopy (NIRS).
Methods Subjects
Human coronary specimens were obtained over a 2-year period. As approved by the Institutional Review Board, hearts were acquired from the National Disease Research Interchange (Philadelphia, the International Institute for the Advancement of Medicine (Edison, NJ, USA) that also provided information regarding age, sex, medical history, and cause of death. Hearts were received within 48 hours after death, maintained on ice at 4 C, and imaged within 96 hours after death. The major coronary arteries were harvested after in situ angioscopic screening to exclude occluded segments impassible by guidewire and imaging catheters. Side branches were ligated to prevent loss of blood during perfusion, and adventitial fat was kept intact. Each coronary artery segment was mounted in a unique custom fixture with vertical guideposts at 2-mm intervals to allow two-mm histology blocks to be cut and accurately registered with imaging. Both ends of the arterial segment were attached to luer connectors that allowed fluid flow and Y-connectors that allowed catheter entry. A varistaltic pump (Manostat, Barnant Company, Barrington, IL, USA) supplied pulsatile flow at 60 cycles/min and a flow rate of approximately 130 mL/min, with pressure inside the coronary artery maintained at physiological levels (80-120 mm Hg) at a body temperature of 37
C. This protocol has been reported previously. 5 Exclusion criteria included vessels in which IVUS and NIRS images and histological segments could not be matched or segments with no available images or damaged coronary arteries. Gardner et al. 5 used 86 human coronary artery segments from 33 hearts for development of the NIRS algorithm and then validated the algorithm in a prospective study of 126 coronary segments from 51 hearts. The current study is a subset of the Gardner data for which analysable IVUS and NIRS was available after excluding cases having non-qualified IVUS images or vessels with a maximum plaque burden < 40% ( Figure 1 ).
IVUS image acquisition and analysis
An Atlantis SR Pro 40 MHz catheter attached to an iLab system (Boston Scientific Corporation, Fremont, CA, USA) was advanced over a 0.014-inch guidewire through the coronary specimen mounted in the fixture. Intravascular ultrasound imaging was performed using motorized pullback at 0.5 mm/s to include both proximal and distal luer connectors. Image data were archived onto CD-ROM and sent to an independent IVUS core laboratory (Cardiovascular Research Foundation, New York, NY, USA) for off-line analyses. Finally, every IVUS frame was matched to its comparable histopathological slice using vessel shape, side branches, perivascular structures, and distance from the luer connectors. Grayscale IVUS analyses were performed using validated planimetry software (echoPlaque, INDEC Medical System, Santa Clara, CA, USA or Image J, National Institutes of Health, Bethesda, MD, USA). Quantitative and qualitative measurements were performed according to criteria from the American College of Cardiology consensus statement on IVUS. 6 Echolucent plaque contained an intraplaque zone of absent or low echogenicity (lower than that of the reference adventitia) surrounded by tissue of greater echodensity (Figure 2) . The arc of the echolucent zone was measured with an electronic protractor centred on the lumen. The echolucent zone was 'superficial' if the leading edge of the echolucent zone was closer to the lumen than adventitia. Attenuated plaque was identified by the absence of the ultrasound signal behind plaque that was either hypoechoic or isoechoic to the reference adventitia but contained no bright calcium. Calcium was brighter than the reference adventitia with acoustic shadowing, with or without reverberations.
All IVUS determinations were based on the observation of two independent experienced reviewers (M.M. and A.M.) who were blinded to the other data. Interobserver and intraobserver variability yielded good concordance for the diagnosis of echo-attenuated plaque (j ¼ 0.90 and j ¼ 0.93, respectively) with moderate concordance for the diagnosis of echolucent plaque (j ¼ 0.74 and j ¼ 0.77, respectively).
NIRS image acquisition and analysis
Using the same protocol as for IVUS imaging, a 3.2F NIRS catheter (InfraReDx, Burlington, MA, USA) was advanced into the distal coronary vessel. 5 Automated mechanical pullback was performed at a speed of 0.5 mm/s and 240 rpm. Imaging included the luer fittings so that the catheter position within the custom fixture could be precisely known and registered with histology and IVUS. Raw spectra were acquired at a rate of 40 Hz (1 spectrum every 25 ms). The probability ‰of lipid core plaque was displayed as a 'chemogram', a digital color-coded map of the location of lipid viewed from the luminal surface; the X-axis indicated the pullback position in millimeters (every 0.1 mm), and the Y-axis indicated the circumferential position in degree (pixels every 1˚), as if the vessel had been split open along its longitudinal axis. The chemogram map was formed by an internal system algorithm that transformed raw spectroscopic information into a probability of lipid rich plaque and mapped it to a 128 (7-bit) red-to-yellow colour scale with a low probability of lipid shown as red and a high probability of lipid shown as yellow. Yellow pixels (pixels above an algorithm probability for lipid plaque of 0.6) were divided by all viable pixels in the chemogram to generate the lipid core burden index (LCBI) per mille (‰). Total LCBI was computed by the NIRS software automatically using the NIRS predictions within the region-of-interest in the chemogram. Near-infrared spectroscopy image analyses were performed off-line using in-house, MATLAB-based (The Mathworks, Natick, MA, USA) software programmed at the Cardiovascular Research Foundation.
Histopathological analysis and definition
After the IVUS and NIRS images were obtained, segments were pressure-fixed in formalin, decalcified with ethylenediaminetetraacetic acid, and sectioned into 2-mm long blocks using the fixture's guideposts to aid in registration to the 2-mm long IVUS and NIRS imaging segments. Thin section preparation, staining, and histologic analyses were performed at CVPath Institute (Gaithersburg, MD, USA). Histopathological slides of 5 mm thickness were performed from the distal side of each 2-mm block and stained with hematoxylin-eosin and Russell-Movat's pentachrome as previously described. 5 Histopathological features of the arteries were classified using a modified American Heart Association plaque classification method based on the agreement of two CVPath Institute pathologists (A.P.B. and R.V.) who were blinded to the IVUS and NIRS findings. 7, 8 Intraplaque haemorrhage was defined as the presence of red cells indicating overt acute haemorrhage. Morphometric/quantitative assessment of the arc and size of NC, lipid pool, and calcification was determined by an automatic computer-assisted technique as previously described. 5 NC and lipid pool were quantified as < 10%, 10-20%, 20-40%, and > 40% of total plaque area. A histopathological early fibroatheroma (FA) had an early NC characterized by small cholesterol clefts and cellular debris with structured matrix. A histopathological late FA had a late NC characterized by increased cellular debris and cholesterol clefts, but complete degradation of extracellular structured matrix. A histopathological thin-cap FA had a late NC covered by a thin fibrous cap (< 65 mm).
7,8

Statistical analysis
Data analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). Categorical data are expressed as absolute value (percentages) and continuous data were reported as least squares means [95% confidence interval]. A generalized estimating equation approach was used to correct for multiple segments from the same subject. Inferential statistical tests were conducted at a significance level of 0.05.
Results
Demographic data and lesion population
The design of the present study has been shown in Figure 1 . A total of 132 coronary arteries from 62 autopsy hearts were screened for Table 2 ). The prevalence of FAs was significantly higher in the group with histopathological haemorrhage than without histopathological haemorrhage (72.2% vs. 18.3%, P < 0.0001). Thirteen (72.2%) segments with histopathological haemorrhage contained FAs; 1 (5.6%) was early FA, 7 (38.9%) were late FAs, 3 (16.7%) were late FAs with calcium, and 2 (11.1%) were thin-cap FAs. Among them, the prevalence of late FA, late FA with calcium, and thin-cap FA was significantly higher in cross-sections with histopathological haemorrhage than without histopathological haemorrhage (late FA, P < 0.0001; late FA with calcium, P ¼ 0.02; thin-cap FA, P < 0.0001). On the other hand, calcified nodules contained no histopathological haemorrhage ( Table 2) . On IVUS analyses, compared to segments with no histopathological haemorrhage, segments with histopathological haemorrhage had a larger plaque plus media cross-sectional area (CSA) (P ¼ 0.01), and plaque burden (P < 0.0001), as well as a higher prevalence of plaque burden ! 60% (P < 0.0001) ( Table 2) .
On Comparison of echolucent plaque with and without intraplaque haemorrhage Among 18 histopathological haemorrhage segments, 16 IVUS segments (88.9%) had superficial echolucent zones (Figure 3) . Conversely, superficial IVUS echolucent zones were seen in 65 (2.8%) out of 2306 segments without histopathological haemorrhage ( Table 3) . Thus, overall, there were 81 IVUS segments with echolucent zones; 16 (19.8%) had histopathologic haemorrhage, and 65 (80.2%) did not have histopathologic haemorrhage. Histopathologic correlates of echolucent zones without histopathologic haemorrhage have been shown in Table 3 .
On pathological analyses, the prevalence of FAs was not significantly different in echolucent zones with histopathological haemorrhage vs. without histopathological haemorrhage (68.8% vs. 73.8%, P ¼ 0.52); however, late FAs were significantly more common in echolucent zones with intraplaque haemorrhage than without intraplaque haemorrhage (43.8% vs. 18.5%, P ¼ 0.02) ( Table 3) .
On IVUS analyses, compared to echolucent zones without intraplaque haemorrhage, echolucent zones with intraplaque haemorrhage had a shorter echolucent zone length (0.9 mm [0.7, 1.1] vs. 1.7 mm [1.5, 1.9], P < 0.0001) ( Table 3) .
For sensitivity analysis, we repeated the comparisons of morphologic characteristics and echolucent plaque including only the patients with at least one haemorrhage and found the same trend (data not shown).
Discussion
The novel findings of the present study include the following. Intraplaque haemorrhage occurs from either the luminal surface due to cracks in the luminal and plaque border or because of rupture of vasa vasorum. 7,9,10 Virmani et al. 11 identified intraplaque haemorrhage as a critical factor in atherosclerotic plaque growth and destabilization. Burke et al. 12 demonstrated that plaque haemorrhages are more frequent in the coronary vasculature in patients dying from ruptured plaque compared with plaque erosions or stable lesions. In patients undergoing carotid endarterectomy, Hellings et al. 13 reported that the presence of plaque haemorrhage was related to a higher frequency of cardiovascular events. The 3-year risk of cardiovascular events was 30.6% in patients having plaque haemorrhage at baseline vs. 17.2% in patients with a plaque not having any plaque haemorrhage. 13 While the IVUS features of plaque haemorrhage have not been reported previously, Stone et al.
14 reported that non-culprit lesion characteristics related to subsequent major adverse cardiovascular events included a plaque burden of ! 70%, a minimal lumen are of 4.0 mm 2 , and the presence of radiofrequency-IVUS thin-cap FA. In the present study histopathological haemorrhage was associated with late FA with large IVUS plaque burden and greater lipid content (greater NIRS-LCBI) compared to plaques without histopathological haemorrhage. In addition, the most common IVUS feature was a superficial echolucent zone (88.9%).
Echolucent zones have generally been considered to represent collagen-poor areas with high lipid content within a preserved (lipid pool) or degraded (NC) extracellular matrix. 15 Pu et al. 16 reported that most superficial echolucent zones were seen in the setting of an FA containing an NC; however, other causes of echolucent zones were associated with histopathologic lipid pools, non-lipidic plaque containing loose collagen, or artefacts of the pathological preparation process. 16 One prospective study also demonstrated that echolucent zones located in the superficial portion of the plaque were more frequent in patients developing an acute coronary syndrome compared to those who remained stable. 17 Our IVUS analyses showed a relationship between the prevalence of echolucent zones and plaque haemorrhage; however, echolucent zones with intraplaque haemorrhage were similar in size and shorter compared with other causes of echolucent zones. While NIRS-LCBI was greater in segments with (n ¼ 18) vs. without (n ¼ 2306) histopathologic haemorrhage, NIRS-LCBI was similar (although the number of segments classified as lipid-rich plaque was greater) comparing segments with IVUS echolucent zones and histopathologic haemorrhage (n ¼ 16) vs. echolucent zones without haemorrhage (n ¼ 65) because the prevalence of FAs was similar in the two groups. However, the number of lesions was small, and it is possible that a combined IVUS/NIRS approach might be useful if more lesions were to be studied.
There is a relationship among plaque haemorrhage, plaque burden, plaque rupture, and plaque progression. Plaque haemorrhage contributes to plaque instability, plaque instability leads to plaque rupture, and organization and healing of plaque rupture leads to a greater plaque burden and luminal narrowing. While these are not specific, the NIRS/IVUS features in the current study fit into this relationship in that echolucent zones, greater LCBI, and greater plaque burden were all features of segments with intraplaque haemorrhage.
Study limitations
First, this autopsy-based study evaluated hearts obtained from two research tissue procurers and may not be representative of the general population. The definition used was the presence of red cells indicating overt acute haemorrhage. Second, IVUS qualitative analysis may be subject to poor reproducibility because qualitative assessment of echolucent zone was performed on cross-sectional view using other structures as a reference; however, echolucent zone was very small. Third, the number of segments with histopathologic intraplaque haemorrhage was small, especially in relation to the number of segments without histopathologic intraplaque haemorrhage. Finally, these observations require clinical 'validation' (as predictors of outcomes in individual patients or in patient populations) to be clinically useful.
Conclusions
The present study suggests that IVUS/NIRS features consistent with histopathological haemorrhage include a large plaque plus media CSA, a larger plaque burden, and an IVUS echolucent zone containing greater lipid composition.
